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Communicated by Craig StowPhosphorus (P) loading to the Great Lakes has caused various types of eutrophication problems. Future climatic
changes may modify this loading because climatic models project changes in future meteorological conditions,
especially for the key hydrologic driver— precipitation. Therefore, the goal of this study is to project how P load-
ing may change from the range of projected climatic changes. To project the future response in P loading, the
HydroSPARROWapproach was developed that links results from two spatially explicit models, the SPAtially Ref-
erenced Regression on Watershed attributes (SPARROW) transport and fate watershed model and the water-
quantity Precipitation Runoff Modeling System (PRMS). PRMS was used to project changes in streamﬂow
throughout the Lake Michigan Basin using downscaled meteorological data from eight General Circulation
Models (GCMs) subjected to three greenhouse gas emission scenarios. Downscaled GCMs project a +2.1 to
+4.0 °C change in average-annual air temperature (+2.6 °C average) and a−5.1% to+16.7% change in total an-
nual precipitation (+5.1% average) for this geographic area by themiddle of this century (2045–2065) and larger
changes by the end of the century. The climatic changes by mid-century are projected to result in a−21.2% to
+8.9% change in total annual streamﬂow (−1.8% average) and a−29.6% to +17.2% change in total annual P
loading (−3.1% average). Although the average projected changes in streamﬂow and P loading are relatively
small for the entire basin, considerable variability exists spatially and among GCMs because of their variability
in projected future precipitation.
Published by Elsevier B.V. on behalf of International Association for Great Lakes Research. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Index words:
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The Laurentian Great Lakes constitute the largest freshwater system
in the world, and have about 10% of the United States (U.S.) and 30% of
the Canadian populations in their watersheds. The Great Lakes receive
water and accompanying nutrients from many tributaries draining
areas ranging from pristine forests, to intensively farmed areas, to
large urban centers, and nutrient input from these tributaries is
extremely variable (Rathke and McRae, 1989; Robertson, 1997;
Robertson and Saad, 2011). This nutrient loading has caused eutrophi-
cation to various degrees and scales, from selected bays around the
Great Lakes (e.g., Green Bay in LakeMichigan) towide-scale eutrophica-
tion in some of the Great Lakes themselves (e.g., Lake Erie; Michalak
et al., 2013). The Great LakesWater Quality Agreement (GLWQA, signed
in 1972) identiﬁed phosphorus (P) as the nutrient of primary concern
for eutrophication of the Great Lakes and deﬁned target P loads for
each lake. Since the implementation of the GLWQA, P loading to each), dasaad@usgs.gov (D.A. Saad),
(D.J. Lorenz).
nternational Association for GreaGreat Lake (except Lake Superior) has been reduced (Dolan and
Chapra, 2012), which has reducedmost open-lake eutrophication prob-
lems, except for Lake Erie (Zhou et al., 2013); however, eutrophication
problems are still common in many nearshore areas (Schultze, 2005),
embayments (DePinto et al., 2006), and even much of Lake Erie
(Michalak et al., 2013). Because of continuing eutrophication problems,
the original P loading targets are now being revised (USEPA, 2015). To
develop plans to obtain P loading below these targets and develop re-
duction strategies to decrease the eutrophication problems, it is impor-
tant to understand how future climatic changes in the Great Lakes Basin
(GLB) may affect P loading and how these changes compare with those
that have been projected with changes in land use.
Nutrient (P) loading in a stream is a function of its water quality
(P concentrations) and streamﬂow. Any changes in the factors affecting
the concentrations or streamﬂowmay change the P loading in a stream.
Water quality in streams has been shown to be strongly related to land
use (for example, see SWAT [Soil and Water Assessment Tool; Arnold
et al., 2012] and SPARROW [Spatially Referenced Regression OnWater-
shed attributes model; Robertson and Saad, 2011] modeling applica-
tions), and streamﬂow has been shown to be strongly related to
precipitation, and to a lesser degree air temperature (for example, seet Lakes Research. This is an open access article under the CC BY-NC-ND license
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Fig. 1. Schematic demonstrating the HydroSPARROW approach, which uses inputs from
General Circulation Models (GCMs), and outputs from the Precipitation Runoff Modeling
System (PRMS) and the SPAtially Referenced Regression on Watershed attributes
(SPARROW) model.
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model; Markstrom et al., 2015]). Therefore, in the future, P loading from
the GLB may change as a result of future changes in land use and cli-
mate. Here, we summarize how projected changes in climate alone
have been projected to affect streamﬂow in all of the tributaries to one
of the Great Lakes (Lake Michigan) (described in detail by Christiansen
et al., 2014), and then couple these results with concentration and in-
stream-decay information from the landscape-scale SPARROW fate and
transport watershedmodel (Robertson and Saad, 2011) to project future
changes in P loading from the LakeMichigan Basin (LMB).We then com-
pare these results with what has been projected to be transported from
the LMB as a result of speciﬁc future land-use scenarios in the absence
of climatic change (LaBeau et al., 2014).
Land use in the GLB has changed rather dramatically over recent de-
cades (Nechyba andWalsh, 2004) and is expected to continue to change
in the future. To estimate the effects of future changes in land use on P
delivery from the GLB from 2010 to 2040, LaBeau et al. (2014) coupled
the landscape-scale SPARROW P model (Robertson and Saad, 2011)
with projections from the Land Transformation Model (LTM)
(Pijanowski et al., 2002). According to LTM predictions for speciﬁc
urban expansion and agricultural scenarios, the GLB may experience a
doubling of urbanized areas and a 10% increase in agricultural areas
through biofuel feedstock cultivation. These land-use changes by 2040
were projected to increase P loadings from the U.S. side of the GLB by
3.5–9.5%, depending on the lake basin and development scenario. The
exception was Lake Ontario, where loading was projected to decrease
by 1.8% for one scenario, due to population losses in its U.S. drainage
area. Overall by 2040, urban expansion in the LMB was estimated to in-
crease P loadings by 4.9%, and additional agricultural expansion associ-
ated with predicted biofuel feedstock cultivation was estimated to
further increase P loadings by 4.8%, for a total increase in P loading to
Lake Michigan (LM) by 9.8%.
The climate of the GLB is also projected to change. The two primary
driving forces of climate change that affect hydrology and ultimately the
P loading are air temperature and precipitation. In general, results from
General Circulation Models (GCMs) project that air temperatures in the
GLB will increase 2–5 °C by the middle of this century, with largest
changes in winter, and spatial and temporal precipitation patterns
may change, with most GCMs predicting increases in precipitation in
fall, winter, and spring, and decreases during summer (WICCI, 2011).
The forecasted changes in precipitation are less certain than those for
temperature, butmostmodels predict annual precipitationwill increase
(WICCI, 2011).
GCMs predict large-scale changes (grid units typically cover
100s km2) in air temperature and precipitation, but they are limited in
describing changes at smaller scales, such as the basins of selected trib-
utaries to the Great Lakes. Therefore, daily downscaled climate projec-
tions, for nine GCMs that each simulated the effects of three different
greenhouse gas emission scenarios, were developed for Eastern U.S.
(Notaro et al., 2011, 2014). Only eight of these GCMs had complete re-
sults for the three different greenhouse gas emission scenarios used in
this study, and therefore were used here. For each GCM, baseline cur-
rent downscaled conditions throughout this area were ﬁrst simulated
and evaluated, and then future downscaled conditions were estimated
for each of the various greenhouse gas emission scenarios during the
21st century.
Todeterminehow these future changes in air temperature andprecip-
itationmay affect streamﬂow in the LMB, Christiansen et al. (2014) devel-
oped a coarse-scale PRMS model for the entire LMB for present
conditions, and then input the downscaled daily air temperatures and
precipitation from eight GCMs developed by Notaro et al. (2011, 2014)
to project streamﬂow in the middle and late part of the 21st century.
They found that, on average, future climate changemay cause a slight de-
crease in annual streamﬂow, but results varied by GCM and season.
The goals of this paper are to: 1) describe the HydroSPARROW
approach—that can beused to project future changes in nutrient loadingfrom large watersheds associated with climate or land-use change;
2) describe the projected changes in P loading to LM caused by
projected changes in climate and hydrology; 3) compare our results
with those of other studies conducted on tributaries to the Great Lakes
examining the effects of climate change, and 4) compare the relative
importance of climate change and land-use change on future P loading
to LM, by comparing our results induced by climate change with those
projected by LaBeau et al. (2014) for land-use change. To do this, we
ﬁrst brieﬂy describe the downscaled changes in air temperature and
precipitation (Notaro et al., 2011, 2014) and streamﬂow (Christiansen
et al., 2014) projected for the LMB, and then use this information with
HydroSPARROW to project changes in P loading that may occur during
the 21st century.Methods
HydroSPARROW
To project how future climate change may affect P loading into LM,
the HydroSPARROW approach was developed that links results of two
spatially explicit models, the transport and fate watershed model
SPARROW and the water-quantity model PRMS (Fig. 1). To simulate
the effects of changes in climate with HydroSPARROW, P loading from
each SPARROW catchment is ﬁrst divided into the two components
making up the long-term (~30 years) average-annual detrended
loads: average-annual ﬂow and the corresponding volumetrically
weighted P concentration. Each of these two components for each
catchment is then adjusted to represent future conditions. Flows are
modiﬁed using PRMS results, and volumetrically weighted P concentra-
tions are modiﬁed to incorporate the effects on in-stream/in-reservoir
decay caused by changes in travel time (described below). Finally, the
future P concentrations are multiplied by the future average-annual
ﬂows to obtain future P loading from each catchment. This approach
has also been used to simulate the effects of future changes in land
use by using SPARROW to estimate future changes in P concentrations
(LaBeau et al., 2014). In that application of HydroSPARROW, streamﬂow
was assumed to remain unchanged. Results for each catchment are then
evaluated for spatial patterns and aggregated to estimate the total input
over large areas.
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SPARROW is a GIS-based watershedmodel that uses amass-balance
approach to estimate the non-conservative transport and transforma-
tion (i.e., losses) of nutrients under long-term steady-state conditions
in relation to statistically signiﬁcant landscape properties, such as cli-
mate, soils, and artiﬁcial drainage (Schwarz et al., 2006). SPARROW is
a spatially explicit model that estimates nutrient loading from a series
of hydrologically linked catchments. SPARROW models simulate long-
term mean-annual nutrient transport given nutrient inputs similar to
a given base year (for use in this study, it was calibrated for inputs sim-
ilar to 2002). For the calibrated SPARROWmodel for theUpperMidwest
(Robertson and Saad, 2011), P sources included point sources (from
wastewater treatment plants and industrial sources), manure, farm fer-
tilizers, and forested and urban lands. Statistically signiﬁcant land-to-
water delivery variables, also referred to as spatial variability factors,
are incorporated into the model to describe the variability in the
amount of nutrients from each source transported to the stream net-
work. For this P model, this included soil permeability and the percent-
age of the catchment having tile drains. Part of the nutrient ﬂux
reaching the streams is then attenuated or decayed during downstream
transport. SPARROW models typically have variables that describe
losses in the streamnetwork, which are estimated as a function of travel
time in streams and areal hydraulic load in reservoirs (Schwarz et al.,
2006), both of which should change with changes in streamﬂow and
therefore need to be adjusted when using HydroSPARROW (described
below). A brief overview of the SPARROWmodel is provided in the Elec-
tronic Supplementary Material (ESM) Appendix S1, and a detailed de-
scription of the model is given in Schwarz et al. (2006).
To obtain the initial information needed for HydroSPARROW, P
loading from each SPARROW catchment in the LMB was divided into
long-term average-annual ﬂow (Brakebill and Terziotti, 2011) and
corresponding volumetrically weighted P concentrations (SPARROW
estimated loads divided by average-annual ﬂow). Volumetrically
weighted P concentrationsmay change with changes in streamﬂow be-
cause of changes in in-stream and in-reservoir decay; therefore, ﬁrst we
need to project how streamﬂow throughout the LMB will change in re-
sponse to the projected changes in climate (air temperature and
precipitation).Table 1
General Circulation Model (GCM) outputs used in this study from the World Climate Re-
search Programme's CoupledModel Intercomparison Project phase 3 (CMIP3)multimodel
dataset archive.
GCM
abbreviation GCM Description
CGM3 CGCM-3.1 Canadian Centre for Climate Modeling and
Analysis, Canada
CNRM CNRM-CM-3 Meteo-France/Centre National de Recherches
Meteorologiques, France
CSIRO CSIRO-MK-3.5 Commonwealth Scientiﬁc and Industrial
Research Organisation (CSIRO) Atmospheric
Research, Australia
GFDL GFDL-CM-2.0 U.S. Department of Commerce, National
Oceanographic and Atmospheric
Administration, Geophysical Fluid Dynamics
Laboratory (GFDL), USA
GISS GISS-ER U.S. National Aeronautics and Space
Administration, Goddard Institute for Space
Studies (GISS), USA
MIUB ECHO-G Meteorological Institute of the University of
Bonn, Meteorological Research Institute of the
Korea Meteorological Administration (KMA),
and Model and Data Group, Germany/Korea
MPI ECHAM5/MPI-OM Max Planck Institute for Meteorology, Germany
MRI MRI-CGCM-2.3.2 Meteorological Research Institute, JapanDownscaled meteorological conditions
To project how air temperature and precipitation in the LMB
may change in the future, results from eight large-scale GCMs
(Table 1) from the Climate Model Intercomparison Project Phase
3 (CMIP3) were downscaled on a daily basis for the eastern U.S.
(Notaro et al., 2011, 2014). Each GCM simulated the effects of
four different greenhouse gas emission scenarios (present condi-
tions: 1981–2000, and three future scenarios for the entire 21st
century). The three future scenarios represent the low-end
(scenario—B1; population peaking in the middle of the 21st centu-
ry and then declining, with reductions in material intensity and the
introduction of clean and resource efﬁcient technologies), most
likely (scenario—A1B; population peaking in the middle of the
21st century and then declining, with the rapid introduction of
new and more efﬁcient technologies balanced on all energy
sources), and high-end (scenario—A2; continuing population
growth with highest emissions) in terms of projected greenhouse
gas emissions (IPCC, 2007; Nakicenovic et al., 2000).
Downscaling of daily minimum and maximum temperature and
precipitation was conducted at 0.1° × 0.1° resolution (Notaro et al.,
2011, 2014). Downscaling was done in a probabilistic manner because
a speciﬁc large-scale state does not determine a single precise value of
temperature or precipitation at a speciﬁc location, but rather the param-
eter values in a parametric probability density function (PDF). To create
a gridded downscaling dataset, the PDF parameters were interpolated
to a predeﬁned grid by using weather data from approximately 4000
stations in the National Weather Service (NWS) Cooperative Observer
Program (1950–2009) and the Environment Canada database
(1950–2007) to train the statistical models. To generate “normal” data
from the PDF parameters, random numbers were drawn from the
PDFs, generating a possible realization of the small-scale state that
was consistent with the large-scale ﬁelds. The random numbers were
correlated in space (and time, in the case of temperature) so that the
spatial and temporal correlations of the downscaled variableswere sim-
ilar to observations. The downscaling performed well in reproducing
both the mean and the variability in precipitation and temperature, in-
cluding the extremes (Vavrus et al., 2015). The extremeswerewell sim-
ulated because the PDF approach characterizes the portion of the
variability not “explained” by the large-scale. This approach was used
to develop downscaled daily air temperatures and precipitation for
the three periods (1981–2000, 2046–2065, and 2081–2100).
Recently, GCM results have been updated as part of CMIP5 (Taylor
et al., 2012). Overall, the multi-model ensemble mean performance
did not improve substantially in CMIP5 relative to CMIP3 for precipita-
tion, but there was a slight improvement for near-surface air tempera-
ture over land (Shefﬁeld et al., 2014). However, the original biases in
air temperature in CMIP3 were already dramatically reduced as part of
the downscaling process. The new projections have a slightly larger
overall spread in predicted changes in air temperature and precipitation
than those used in this study from CMIP3, primarily because additional
GCMs were examined and because a wider range in greenhouse gas
emission scenarios were examined (Shefﬁeld et al., 2014; Sun et al.,
2015). In addition, there appears to be a slightly higher probability
that precipitation may increase in the Midwest part of the U.S. (Sun
et al., 2015). Therefore, the plausible range in climatic variables, and
resulting streamﬂow and P loading may be slightly larger if CMIP5 re-
sults were used in this analysis. Results from CMIP5 have not yet been
downscaled using the approach developed by Notaro et al. (2011,
2014).
Streamﬂow
To project future streamﬂow throughout the LMB, a PRMS
model was constructed for the entire LMB (Christiansen et al.,
2014). PRMS is a modular, deterministic, distributed parameter,
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surface-water runoff resulting from the effects of meteorological
forcing and land cover using physical laws and empirical relations
(Markstrom et al., 2015). Modeled basins are ﬁrst divided into a se-
ries of piecewise-constant contiguous spatial units, called hydro-
logic response units (HRUs), based on hydrologic and physical
characteristics such as land-surface altitude, slope, aspect, plant
type and cover, land use, soil morphology, geology, drainage
boundaries, distribution of precipitation, air temperature, solar ra-
diation, and ﬂow direction. An energy balance and a water balance
are then computed for each HRU on a daily time step. PRMS uses
minimum and maximum daily air temperatures, and precipitation
as primary meteorological drivers (snowfall was estimated from
precipitation when air temperatures were below freezing) and cal-
ibrated using solar radiation, potential evaporation, and
streamﬂowmeasured throughout the basin being modeled. For cal-
ibration of the LMB PRMS model, weather datasets were collected
from 157 stations with data that covered the majority of the time
period from 1969 to 2008. To evaluate the accuracy of the LMB
PRMS model, Nash–Sutcliffe efﬁciency (NSE) values (Moriasi
et al., 2007) were computed for monthly mean streamﬂows and
monthly mean baseﬂows. The NSE values were above 0.50 (greater
than 0.50 is satisfactory) for 85% of the calibration locations for
monthly mean observations and 60% of the calibration locations
for monthly mean baseﬂow observations. After the LMB PRMS
was calibrated with historical measured data, the downscaled
GCM outputs for daily minimum and maximum temperature and
precipitation for three periods (1981–2000, 2046–2065, and
2081–2100) were entered as new input to the model. The LMB
PRMS model was then used to predict daily streamﬂows based on
the results from the eight downscaled GCMs described in Table 1,
each model applied to present conditions and the three future
greenhouse gas emission scenarios. The 20 years for each period in-
clude wet and dry years, and the effects of potential changes in pre-
cipitation intensity on streamﬂow. The daily streamﬂows were
then summarized into long-term average-annual streamﬂow for
each of the three periods for each SPARROW catchment.Volumetrically weighted phosphorus concentrations
The average-annual volumetrically weighted P concentrations from
the original SPARROW model were adjusted to reﬂect changes in in-
stream and in-reservoir losses based on the simulated future ﬂows
for each scenario and their corresponding estimated water velocities
and travel times. Future velocities in each stream reachwere calculated
as a function of the projected long-term average streamﬂows for each
period and stream order, similar to the original SPARROW model (see
Schwarz et al., 2006; Alexander et al., 1999). Future in-stream and in-
reservoir losses were then simulated in SPARROW as a function of
the new travel time through the stream reach (water velocity divided
by stream reach length) for streams and for reservoirs as a function
of their surface area divided by the annual streamﬂow discharging
from the reservoir. Future volumetrically weighted P concentration
for each catchment for each scenario and period was computed using
interim loads computed with the SPARROW model using in-stream
and in-reservoir loss rates based on projected future streamﬂows and
velocities and the average-annual ﬂows from the original model
(Brakebill and Terziotti, 2011). This provided future P concentrations
adjusted only for the estimated changes in in-stream and in-reservoir
loss rates.
Finally, the future long-term average volumetricallyweighted P con-
centrations for each SPARROW catchment are multiplied by the corre-
sponding future long-term average-annual ﬂows estimated from
PRMS for each period for eachGCMand scenario to obtain future P load-
ing (Fig. 1). Future P loadings from all SPARROW catchments were thenevaluated for spatial patterns and aggregated to estimate the total input
from the entire LMB for each scenario.
Results
Simulated results (by GCM and emission scenario, and selected
averages) of air temperature, precipitation, streamﬂow, P loading, and
volumetrically weighted P concentrations for the entire LMB are sum-
marized for the present (1981–2000) and middle of the 21st century
(2046–2065) in Table 2, and for the end of the 21st century
(2081–2100) in ESM Table S2.
Present (1981–2000) base conditions
Simulated average-annual air temperatures for the 1981–2000 base
period (average of the eight GCMs) ranged from 2.7 °C in the northwest
part of the LMB to 11.3 °C in the southern part (Notaro et al., 2011, 2014)
(Fig. 2a). Simulated average total annual precipitation ranged from
750mm in the northwest part of the LMB to 1010mm in the southeast-
ern part (Fig. 2b). There is a northwest to southeast gradient in air tem-
peratures and precipitation caused by the effects of the Great Lakes,
with warmer and wetter conditions on the southeast side of LM.
Simulated average-annual streamﬂow for the base period ranged
from b1 m3/s in small headwater areas to 174 m3/s in the mouths of
the major tributaries (Fig. 2c). Highest unit-area contributions to ﬂow
(yields) come from the northern and eastern sides of the LMB
(Fig. 2d). The total simulated average-annual streamﬂow to LM for
1981–2000 was 11% higher than that used in the original SPARROW
model (1365 m3/s, Table 2, compared to 1232 m3/s used in SPARROW:
estimated for 1975–2007 from Brakebill and Terziotti, 2011).
Long-term average P loading for the early 2000s (direct output from
the original Robertson and Saad [2011] SPARROWmodel) ranged from
b1 kg/year in small headwater areas to 668,000 kg/year at themouth of
the Grand River (Fig. 3a). Because loads are directly related to ﬂow, the
loads generally increase with increasing stream size. To use
HydroSPARROW, the total P load in each SPARROWcatchmentwas con-
verted into the components making up the loads: annual-average ﬂow
(similar to the streamﬂows in Fig. 2c) and the corresponding volumet-
ricallyweighted P concentrations (Fig. 3b). The volumetricallyweighted
P concentrations have a north-to-south gradient driven by the distribu-
tion in land use, with highest concentrations in areas dominated by ag-
riculture and urbanization. Volumetrically weighted P concentrations
are especially high in the intense agricultural areas on the west shore
of LM.
The pattern in simulated average-annual total P loading throughout
the LMB from HydroSPARROW (average of that for the eight GCMs) for
1981–2000 was very similar to those in Fig. 3a. The total simulated
average-annual P loading to LM from HydroSPARROW for this period
was 4640 MT (Table 2), which is 14% higher than that estimated in
the original SPARROW model (4061 MT) because the average-annual
streamﬂows estimated with PRMS were 11% higher than those used in
the original SPARROW model. This estimate of total loading to LM is
also higher than that estimated by Dolan and Chapra (2012) for
1994–2008 (3175 MT; values in their Table 6 with contributions from
atmospheric deposition removed). Although the loads estimated with
HydroSPARROW may be slightly different than these other estimated
loads, the relative differences in P loading to LM projected with
HydroSPARROW should be suitable for evaluating the effects of climate
change. HydroSPARROW load estimates should be relatively insensitive
to compounding errors and additional biases because the model errors
in both PRMS and SPARROW should equally affect both the estimates
of the baseline and projected loads. The model errors inﬂuencing
these two conditions are strongly correlated since the model error for
either condition is based on the product of numerous non-quantiﬁed
factors that are presumed to be constant in the analysis. Another source
of possible error in the analysis concerns the coefﬁcients used in the
Table 2
Current (base period: 1981–2000) and projected changes in average-annual air temperature, total precipitation, total streamﬂow, total phosphorus load, and average volumetrically weighted phosphorus concentration (mg/L) by 2046–2065 for the
entire Lake Michigan Basin based on eight General Circulation Models (GCMs) applied to three different greenhouse gas emission scenarios.
GCM
Air temperature, °C Precipitation, mm Flow, m3/s Load (MT)
Volumetrically weighted concentration
(mg/L)
1981–2000 2046–2065 Difference 1981–2000 2046–2065
Percent
difference 1981–2000 2046–2065
Percent
difference 1981–2000 2046–2065
Percent
difference 1981–2000 2046–2065
Percent
difference
Average for each GCM and three greenhouse gas emission scenarios for 2046–2065
CGM3 7.2 10.0 2.8 857 903 5.3 1388 1361 −1.9 4710 4630 −1.7 0.108 0.108 0.2
CNRM 7.2 9.7 2.5 871 919 5.6 1418 1383 −2.5 4832 4692 −2.9 0.108 0.108 −0.4
CSIRO 7.0 9.8 2.9 818 919 12.3 1352 1426 5.5 4634 4952 6.9 0.109 0.110 1.3
GFDL 7.0 9.5 2.5 820 810 −1.1 1305 1238 −5.1 4363 3991 −8.5 0.106 0.102 −3.6
GISS 6.8 9.0 2.2 835 921 10.2 1347 1425 5.7 4542 4859 7.0 0.107 0.108 1.2
MIUB 7.2 10.7 3.4 862 841 −2.4 1387 1172 −15.5 4770 3732 −21.8 0.109 0.101 −7.4
MPI 7.0 9.2 2.2 855 881 3.1 1413 1370 −3.0 4836 4645 −4.0 0.109 0.107 −1.0
MRI 7.1 9.2 2.1 823 891 8.3 1314 1353 3.0 4436 4468 0.7 0.107 0.105 −2.2
Average 7.1 9.6 2.6 843 886 5.1 1365 1341 −1.8 4640 4496 −3.1 0.106 0.105 −1.4
A1B greenhouse gas emission scenario
CGM3 7.2 10.4 3.2 857 924 7.8 1388 1395 0.6 4710 4733 0.5 0.106 0.105 −0.1
CNRM 7.2 10.1 2.8 871 964 10.6 1418 1466 3.4 4832 5095 5.4 0.106 0.108 2.0
CSIRO 7.0 10.2 3.3 818 861 5.2 1352 1257 −7.0 4634 4132 −10.8 0.107 0.103 −4.1
GFDL 7.0 9.9 2.9 820 781 −4.7 1305 1153 −11.6 4363 3624 −16.9 0.105 0.099 −6.0
GISS 6.8 9.2 2.4 835 937 12.2 1347 1455 8.0 4542 4978 9.6 0.105 0.106 1.5
MIUB 7.2 10.8 3.6 862 877 1.8 1387 1244 −10.3 4770 4075 −14.6 0.107 0.103 −4.7
MPI 7.0 9.6 2.6 855 900 5.2 1413 1394 −1.3 4836 4735 −2.1 0.106 0.106 −0.7
MRI 7.1 9.5 2.4 823 920 11.9 1314 1415 7.7 4436 4727 6.6 0.105 0.104 −1.1
Average 7.1 10.0 2.9 843 895 6.3 1365 1347 −1.3 4640 4512 −2.8 0.106 0.104 −1.7
A2 greenhouse gas emission scenario
CGM3 7.2 10.2 3.0 857 894 4.3 1388 1344 −3.1 4710 4530 −3.8 0.106 0.105 −0.7
CNRM 7.2 9.9 2.7 871 911 4.6 1418 1359 −4.2 4832 4547 −5.9 0.106 0.104 −1.8
CSIRO 7.0 10.0 3.1 818 941 15.0 1352 1483 9.7 4634 5291 14.2 0.107 0.110 4.1
GFDL 7.0 9.6 2.6 820 852 4.0 1305 1335 2.3 4363 4413 1.1 0.105 0.103 −1.1
GISS 6.8 9.3 2.6 835 933 11.7 1347 1468 8.9 4542 5057 11.3 0.105 0.107 2.2
MIUB 7.2 11.2 4.0 862 828 −3.9 1387 1093 −21.2 4770 3356 −29.6 0.107 0.097 −10.7
MPI 7.0 9.1 2.1 855 895 4.6 1413 1401 −0.9 4836 4761 −1.6 0.106 0.106 −0.7
MRI 7.1 9.4 2.3 823 863 5.0 1314 1252 −4.6 4436 4112 −7.3 0.105 0.103 −2.8
B1 greenhouse gas emission scenario
CGM3 7.2 9.3 2.1 857 889 3.8 1388 1343 −3.2 4710 4627 −1.8 0.106 0.107 1.5
CNRM 7.2 9.2 2.0 871 883 1.4 1418 1322 −6.8 4832 4433 −8.3 0.106 0.105 −1.6
CSIRO 7.0 9.3 2.3 818 954 16.7 1352 1539 13.9 4634 5431 17.2 0.107 0.109 2.9
GFDL 7.0 9.0 2.0 820 798 −2.7 1305 1227 −5.9 4363 3937 −9.8 0.105 0.101 −4.1
GISS 6.8 8.4 1.7 835 892 6.8 1347 1352 0.3 4542 4542 0.0 0.105 0.105 −0.3
MIUB 7.2 10.0 2.7 862 818 −5.1 1387 1179 −15.0 4770 3765 −21.1 0.107 0.100 −7.1
MPI 7.0 8.8 1.9 855 850 −0.6 1413 1316 −6.8 4836 4438 −8.2 0.106 0.106 −1.5
MRI 7.1 8.8 1.7 823 889 8.0 1314 1392 5.9 4436 4566 2.9 0.105 0.102 −2.8
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Fig. 2.Present (base period: 1981–2000) climate andhydrology: a) air temperature, b) precipitation (Notaro et al., 2011, 2014), c) streamﬂow, and d)water yield (Christiansen et al., 2014)
for the Lake Michigan Basin.
541D.M. Robertson et al. / Journal of Great Lakes Research 42 (2016) 536–548original GCM, PRMS, and SPARROW models. These errors tend to ap-
proach zero as sample size gets large, but no attemptwasmade to eval-
uate the effects of these errors. To reduce the inﬂuence ofmodel error in
evaluating the climate induced changes in P loading to LM, most of the
following results are described in terms of percent changes from the
simulated 1981–2000 base conditions.
Projected future (2046–2065 and 2081–2100) conditions
All eight GCMs, for all three future greenhouse gas emission scenar-
ios, project an increase in average-annual air temperatures throughoutthe LMB in the future. The average air temperature of the entire LMB
was computed based on spatially weighting air temperatures over the
entire land area (Fig. 4a). By 2046–2065, average-annual air tempera-
ture of the entire LMB is estimated to increase by 1.7 to 4.0 °C, depend-
ing on the GCM and emission scenario. Increases in air temperatures
were smallest for the lowest greenhouse gas emission scenario (B1),
and relatively similar for the most likely and high emission scenarios
(A1B and A2). The average change in air temperature by the middle of
the century, over the 24 different simulations, was an increase of
2.6 °C. Increases in air temperatures are not expected to be uniform
throughout the LMB; each model and scenario has slightly different
Fig. 3. Present (early 2000s) a) phosphorus loading and b) total phosphorus concentrations for the streams in Lake Michigan Basin based on results from the Upper Midwest SPARROW
Model developed by Robertson and Saad (2011).
542 D.M. Robertson et al. / Journal of Great Lakes Research 42 (2016) 536–548distributions in the increases in air temperatures. Distributions of the
changes in air temperatures are shown for the average of all 24 scenar-
ios in Fig. 5a. On average, largest changes in air temperatures are
projected in the western and northern parts of the LMB. The changes0
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Fig. 4. Simulated a) average-annual air temperature, b) average total-annual precipitation, c)
present (base period: 1981–2000), mid-21st century (2046–2065), and late 21st century (20
applied to three different future greenhouse gas emission scenarios.observed for each simulation continued to increase from 2046–2065
to 2081–2100 (Fig. 4a). By 2081–2100, average-annual air temperatures
are estimated to increase by 2.0–6.2 °C (average:+4.1 °C). Distributions
of the changes for the largest P-load decrease scenario and the highestCGM3-A1B
CNRM-A1B
CSIRO-A1B
GFDL-A1B
GISS-A1B
MIUB-A1B
MPI-A1B
MRI-A1B
CGM3-A2
CNRM-A2
CSIRO-A2
GFDL-A2
GISS-A2
MIUB-A2
MPI-A2
MRI-A2
CGM3-B1
CNRM-B1
CSIRO-B1
GFDL-B1
GISS-B1
MIUB-B1
MPI-B1
MRI-B1
Average
GCM - Scenario 
1981-2000 2046-2065 2081-2100
Precipitation
1981-2000 2046-2065 2081-2100
Phosphorus Loading
total average-annual streamﬂow, and d) total average-annual phosphorus loading for the
81–2100) for the entire Lake Michigan Basin based on eight different downscaled GCMs
0 50 100 Kilometers
Change in
Air Temperature (C)
4.04 - 4.32
4.33 - 4.49
4.5 - 4.61
4.62 - 4.71
4.72 - 4.88
4.89 - 5.1 0 50 100 Kilometers
Change in
Precipitation 
0 50 100 Kilometers
Change in Streamflow
0 50 100 Kilometers
Change in
Phosphorus Load
a) b)
c) d)
Fig. 5. Average projected changes from 1981–2000 to 2046–2065 in a) average-annual air temperature, b) average total-annual precipitation, c) total average-annual streamﬂow, and
d) total average-annual phosphorus loading for catchments throughout the LakeMichigan Basin, based on eight GCMs, each applied to three different greenhouse gas emission scenarios.
543D.M. Robertson et al. / Journal of Great Lakes Research 42 (2016) 536–548P-load increase scenario are shown in the ESM Figs. S1 and S2 to dem-
onstrate the extremes in the envelope for projected P loading.
All of these changes in air temperatures reﬂect changes in average-
annual values; however, the GCMs, in general, project that the changes
in air temperatures should be more dramatic in fall and early winter
than the rest of the year (Notaro et al., 2011, 2014).
Projected changes in precipitation varied amongGCMs and emission
scenarios (Fig. 4b); however, the changes generally varied more by
GCM than by emission scenario. In other words, most individual GCMs
projected precipitation to either increase or decrease in the futureregardless of the emission scenario. The average total-annual precipita-
tion for the entire LMBwas computed based on spatially weighting pre-
cipitation over the entire land area. By 2046–2065, average total-annual
precipitation for the entire LMB is estimated to change ranging from a
5.1% decrease to a 16.7% increase (average: +5.1%) depending on
GCM and emission scenario (Table 2). Distributions of the changes in
precipitation are shown for the average of all 24 simulations in Fig. 5b.
By 2081–2100, average total-annual precipitation over the entire LMB
is estimated to change ranging from an 8.6% decrease to a 22.4% increase
(average: +8.5%), depending on GCM and emission scenario.
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544 D.M. Robertson et al. / Journal of Great Lakes Research 42 (2016) 536–548Distributions of the changes for the largest P-load decrease scenario and
highest P-load increase scenario are shown in ESM Figs. S1 and S2.
All of these changes in precipitation reﬂect changes in average
total-annual values; however, in general, the GCMs predict that
there will be more winter precipitation and less summer precipitation
(Notaro et al., 2011, 2014). In addition, more of the winter precipita-
tion should occur as rain rather than snow because of increased win-
ter air temperatures.
Projected changes in streamﬂow varied among GCMs and emission
scenarios (Fig. 4c). As with precipitation, changes in streamﬂow varied
more by GCM than by emission scenario. By 2046–2065, the change in
the total average-annual streamﬂow from the entire LMB is estimated
to range from a 21.2% decrease to a 13.9% increase (average:−1.8%) de-
pending on GCM and emission scenario. Distributions of the changes in
streamﬂow are shown for the average of all 24 simulations in Fig. 5c.
The average of all of the simulations demonstrates a small increase
over the northern part of the LMB and a small decrease over the south-
ern two-thirds of the LMB. Projected changes in streamﬂowweremuch
more extreme for a few of the GCMs. Streamﬂows throughout almost
the entire LMB are projected to decrease by the MIUB GCM, especially
for the B1-scenario (ESM Fig. S1). In that scenario, streamﬂows for
much of the LMB are projected to decrease by 10–25%. Streamﬂows
throughout almost the entire LMB are projected to increase by the
GISS GCM, especially for the A2-scenario (ESM Fig. S2). In that scenario,
streamﬂows in the southern part of the LMB are projected to increase by
10–25%. By 2081–2100, total average-annual streamﬂow is estimated to
change ranging from a 21.9% decrease to a 17.4% increase (average:
−4.0%), depending on GCM and emission scenario (Fig. 4c). In general,
the changes in streamﬂow for both periods had slightly larger ranges in
change than the changes in precipitation, and were about 5–10% less
than the changes in precipitation. In other words, the changes in
streamﬂow had a wider envelope, but the envelope shifted downward
compared to the envelope for the changes in precipitation in Fig. 4.
All of these changes in streamﬂow reﬂect changes in average-annual
values; however, PRMS results indicate there should be less seasonality
in ﬂow. Becausemore winter precipitation will fall as rain, there should
be more early winter runoff resulting in the magnitude of spring ﬂows
decreasing, and more recharge to groundwater resulting in higher
baseﬂows (Christiansen et al., 2014).
Projected changes in P loading varied among GCMs and emission
scenarios (Fig. 4d). Similar to precipitation and streamﬂow, changes in
P loading varied more by GCM than by emission scenario. By
2046–2065, the change in the total average-annual P loading from the
entire LMB is estimated to range from a 29.6% decrease to a 17.2% in-
crease (average:−3.1%). Distributions of the changes in P loading are
shown for the average of all 24 scenarios in Fig. 5d. The patterns in the
changes in P loading are very similar to those for streamﬂow, with
small increases over the northern part of the LMB and small decreases
over the southern two-thirds of the LMB. Highest P loading rates are
typically from the southern part of the LMB (Fig. 3), which resulted in
the overall decrease in total P loading being larger than expected direct-
ly from the areal percent changes in Fig. 5. Predicted changes in P load-
ing were more extreme for a few GCMs. P loading throughout almost
the entire LMB was predicted to decrease by the MIUB GCM, especially
for theB1-scenario (ESMFig. S1). In that scenario, P loadings formuchof
the LMB are projected to decrease by 10–25%. P loadings throughout al-
most the entire LMBwere predicted to increase by the GISS GCM, espe-
cially for the A2-scenario (ESM Fig. S2). In that scenario, P loadings in
the southern part of the LMB are projected to increase by 10–25%. By
2081–2100, total average-annual P loading is estimated to change0 50 100 Kilometers
-1 - 1
1 - 10
10 - 25
25 - 50 (Future More)Fig. 6. Delivered phosphorus yield (delivered load per unit area) from catchments
throughout the Lake Michigan Basin (LMB) for the a) present (base period: early 2000s),
and average changes throughout the LMB from b) 1981–2000 to 2046–2065, and
c) 1981–2000 to 2081–2100 based on eight GCMs, each applied to three different
greenhouse gas emission scenarios.
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Fig. 7. Simulated total average-annual phosphorus loading for the present (base period:
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entire Lake Michigan Basin based on eight different downscaled GCMs applied to the
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545D.M. Robertson et al. / Journal of Great Lakes Research 42 (2016) 536–548ranging from a 31.6% decrease to a 22.6% increase (average:−5.1%), de-
pending on GCM and emission scenario (Fig. 4d). The envelope for the
changes in P loading was about 5–10% wider than the envelope for
the changes in streamﬂow. In other words, increases in P loading were
larger than the projected increases in streamﬂow and the decreases in
P loading were more extreme than projected decreases in streamﬂow.
This wider envelope is due to changes in P losses during downstream
transport (discussed below).
Current and projected future changes in average-annual P yields
throughout the LMB are shown in Fig. 6. Based on the average of the 24
scenarios, by 2046–2065, there could be a small increase in yields in the
northern part of the LMB and decrease in yields in the southern two-
thirds of the basin. Most decreases occur in areas with highest original P
yields, which results in the overall decrease in loading being more than
expected based only on the percent change in yield plots. Changes in
yields become more dramatic by 2081–2100, with decreases occurring
throughout almost the entire LMB. Many areas, projected to have small
increases in P yields by 2046–2065, have decreases in yields later in the
century, especially the north-central part of the LMB. Many areas with
projected decreases in P yields in the central part of the basin have
more extreme decreases by the end of the century (greater than 10%).
Projections for the end of the century are more extreme than those dem-
onstrated in Fig. 5 and are provided in the ESM Table S2.
In addition to examining changes in total P loading from all 24 sce-
narios (Fig. 4d), results from the most likely emission scenario (A1B)
were examined separately (Fig. 7). Results from only the most likely
emission scenario had a similar average change in P loading to LM
(−2.8%) by 2046–2065, but slightly reduced the magnitude of the en-
velope, with projected changes ranging from a 16.9% decrease to 9.6%
increase in loading. Because of the wide range in the differences in pre-
cipitation projected by the various GCMs (Fig. 4b) even when examin-
ing a speciﬁc emission scenario, there is still a wide range in projected
changes in P loading to LM.Discussion
Use of SPARROW to simulate future changes in climate
Rather than simply adjusting the land-to-water delivery variables in
SPARROW to simulate the effects of climate change on P loading, PRMS
was ﬁrst used to simulate the changes in streamﬂow in response to
changes in air temperature and precipitation. Then SPARROW was
used to simulate how these changes in streamﬂow and velocity should
affect in-stream P concentrations due to changes in-stream/in-reservoir
losses. Finally HydroSPARROW was used to combine these results to
project the changes in P loading. There are two reasons for using this ap-
proach rather than using SPARROW by itself: 1) the SPARROWmodelused in this study (Robertson and Saad, 2011) did not have climatic var-
iables included as land-to-water delivery variables, which are often in-
cluded in the model; and 2) land-to-water delivery variables in
SPARROW, also referred to as spatial variability factors, should not be
adjusted to evaluate such things as effects of climate change because
the magnitude of the coefﬁcient associated with each of these variables
often depends on which other land-to-water delivery variables are in-
cluded in the model (Schwarz et al., 2006). In other words, because
the land-to-water delivery variables do not represent all of the factors
operating in an actual ecosystem, interpreting the causative effect of
any single land-to-water delivery variable is difﬁcult (Robertson and
Saad, 2013).
Climatic factors affecting streamﬂow and phosphorus loading
Based on the results from this study, projected changes in precipita-
tion have more dramatic effects on future streamﬂow and P loading
than the changes in air temperature. In general, average-annual
streamﬂow and P loading increases as precipitation increases and de-
creases as precipitation decreases; however, warmer air temperatures
increase evapotranspiration and results in an offset in this relation in
terms of the percentage of change. The increases in air temperature by
2046–2065 alone should decrease streamﬂow by about 3–8%. There-
fore, although on average (average of 24 scenarios) precipitation over
the entire LMB is projected to increase by 5.1%, total average-annual
streamﬂow is expected to decrease by 1.8% (PRMS results). However,
because the projected changes in precipitation are generally larger
than 3–8%, changes in streamﬂow are generally of the same sign as
the changes in precipitation. Average-annual P loading is projected to
follow the changes in streamﬂow; however, the changes in loading
are expected to be more extreme because of changes in P losses during
downstream transport. Based on the overall average and the average of
themost likely eight scenarios, total P loading to LM should decrease by
3% by the middle of the 21st century.
Based on the overall average or the average for themost likely emis-
sion scenarios, P loading is only expected to change by 3% by mid-
century: however, results from several scenarios are much different
than the average. Therefore, unless there is a reason to believe the re-
sults of speciﬁc GCMs or speciﬁc emission scenarios more than others,
in addition to looking at the overall average, it is important to develop
and examine the plausible envelopes describing the range in all of the
projections to build awareness of the potential changes that may
occur in the future (USEPA, 2013). By the middle of this century
(2046–2065), results of downscaled GCMs project that average-
annual precipitation across the LMBmay change−5% to+15%, causing
total streamﬂow to change−18% to +12%, which in turn may cause
annual-average P loading to change −29.6% to +17.2% (−16.9% to
+9.6% for the most likely emission scenario). In addition to speciﬁc
GCM simulations projecting larger changes than others, each scenario
demonstrates that some areas of the LMB could have more dramatic
changes than other areas. Largest changes are generally projected to
occur in the southern part of the LMB. Therefore, future climatic changes
could greatly affect the water quality of LM, especially in speciﬁc areas.
Changes in phosphorus concentrations caused by changes in downstream
delivery
The changes in future P loading are slightly larger than the projected
changes in streamﬂow because HydroSPARROW adjusts volumetrically
weighted P concentrations based on how quickly water is delivered
downstream. If streamﬂow increases, the model assumes that water is
transported more quickly and there is less P lost during downstream
transport. If streamﬂow decreases, water moves more slowly and
there is more in-stream losses. The changes in travel time result in a
plausible envelope for future volumetrically weighted P concentrations
(Fig. 8). By the middle of this century (2046–2065), the average
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Fig. 8. Simulated volumetrically weighted total phosphorus concentrations for the present (base period: 1981–2000), mid-21st century (2046–2065), and late 21st century (2081–2100)
for the entire Lake Michigan Basin based on eight different downscaled GCMs applied to three different future greenhouse gas emission scenarios.
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Fig. 9. Response in total average-annual streamﬂow per unit precipitation as a function of
changes in average-annual air temperature (from Manitowoc, Wis.) for the Manitowoc
River, station number 04085427, in the Lake Michigan Basin.
546 D.M. Robertson et al. / Journal of Great Lakes Research 42 (2016) 536–548concentration for the entire LMB is projected to decrease by 1.4%, but
the full range is from −10.7% (for decreased ﬂow with more in-
stream losses) to+4.1% (for increased ﬂowwith less in-stream losses).
Distributions of the changes in the average volumetrically weighted P
concentrations projected for 2046–2065 are shown in ESM Fig. S3. By
2081–2100, P concentrations are projected to decrease by 1.2% on aver-
age, but range from−12.4% to +4.2%.
Comparison of the climatic response with those of other studies
A few other studies have examined how streamﬂow and P loading
may change in response to future climate change, including two studies
in the Great Lakes region. Most of these studies have projected that fu-
ture P loading should increase primarily due to increased overall
streamﬂows or increased short-term peak streamﬂows (Bosch et al.,
2014; USEPA, 2013; Whitehead et al., 2009). However, because change
in precipitation is the most important climatic factor affecting
streamﬂow and because this factor varies dramatically among GCM
and emission scenarios, it is important to examine the magnitude of
the projected changes in precipitation being simulated. In a study by
the USEPA (2013), 20watersheds from throughout the U.S. were exam-
ined to assess the sensitivity of streamﬂow, and nutrient and sediment
loads to changes in climate and urban development, including several
watersheds draining into Lake Erie. In that study, they examined the re-
sponse to several downscaled GCM projections: total average-annual
precipitation changed from−8% to +14% for the Great Lakes water-
sheds, similar to that examined in this study (−5% to +15%). They
projected that these changes would result in a change in average
total-annual streamﬂow of−12% to +50%, which is higher than that
projected in this study (−18% to +12%). The changes in streamﬂows
in their study were primarily caused by their watershed model
(SWAT) projecting lower (with less precipitation) and higher (with
more precipitation) peak ﬂows in the future. The USEPA study then
projected that these ﬂows would cause a change in P loads of −12%
to +50%, or a change in P loads similar to the change in streamﬂow,
compared to a range of −29.6% to +17.2% in this study. Therefore,
their estimated volumetrically weighted P concentrations were
projected not to change as streamﬂow changes.
Bosch et al. (2014) examined how streamﬂow, andnutrient and sed-
iment loadings from four watersheds draining into Lake Erie should
change in response to only two climate changes scenarios: moderate
and more pronounced climate change scenarios, with only increases
in total average-annual precipitation: +3% and +6%, respectively. The
increases in precipitation resulted in changes in average-annual
streamﬂow of +6% to +12%, and total average-annual P loading of
+4% to +6%. Therefore, they projected changes in streamﬂow larger
than the increases in precipitation, similar to that found by the USEPA(2013). The projected increases in P loading estimated by Bosch et al.
(2014), however, were less than the projected changes in streamﬂow,
which infers that their estimated volumetrically weighted P concentra-
tions should decrease in the future as streamﬂow increases.
Changes in streamﬂow relative to changes in precipitation
The main difference in the results from our study and those of these
other studies was caused by the differences in projected future precipi-
tation. However, even after compensating for these differences, there
are other factors that lead to differences in projected P loading, such
as the relative changes in future streamﬂow (ﬂowper unit precipitation,
and changes in seasonality and intensity). Our study, which used
projected long-term average-annual changes in streamﬂow based on
daily projected ﬂows from PRMS, found that streamﬂow generally in-
creases with more precipitation and decreases with less precipitation;
however, in the future, because of increased evapotranspiration caused
by increased air temperatures, there should be less streamﬂow per unit
precipitation. Whereas, studies by the USEPA (2013) and Bosch et al.
(2014) both found that high-ﬂow events may occur more often in the
future, resulting in total average-annual streamﬂow increasing more
than precipitation (on a percent basis).
To further investigate the response in streamﬂow to changes in pre-
cipitation with changes in air temperature, the ratio of average-annual
streamﬂow to total annual precipitation as a function of average-
annual air temperature were examined for two rivers in the LMB
(Manitowoc and St. Joseph Rivers) and one in the Lake Erie Basin
(Maumee River, where the other similar studies were conducted) for
their period of available record (1930–1972 to present). Results for
the Manitowoc River are shown in Fig. 9 (results for the other sites are
547D.M. Robertson et al. / Journal of Great Lakes Research 42 (2016) 536–548shown in ESM Fig. S4). Daily weather records for a downstream location
on each river were obtained from NWS Cooperative Observers (http://
mrcc.isws.illinois.edu/ accessed August 2015) and ﬂow near the
mouth of each river were obtained from U.S. Geological Survey
(USGS) gaging stations (http://waterdata.usgs.gov/nwis/sw/ accessed
August 2015). For each site, the ratio of average-annual streamﬂow to
total annual precipitation decreasedwith increasing air temperature, al-
though the relationships were not strong (p b 0.12–0.20). This indicates
that average-annual streamﬂow may decrease as air temperatures in-
crease, after compensating for differences in precipitation. This is con-
sistent with that found in our study, and possibly caused by increased
air temperatures causing more evapotranspiration leaving less water
available for runoff.
Seasonality and intensity of streamﬂow may also change in the fu-
ture. Christiansen et al. (2014) found that in the future there should
be less seasonality in ﬂow because more winter precipitation will fall
as rain, which results in winter runoff being more spread out. This re-
sulted in annual peaks in streamﬂow, which typically occur in spring,
decreasing in the future. Other studies by the USEPA (2013) and Bosch
et al. (2014), however, both concluded that high-ﬂow events may
occur more often in the future, and the USEPA (2013) study concluded
that the annual peak ﬂowmay increase in the future. Winter and spring
precipitation in the Great Lakes Region is expected to increase in the fu-
ture by 20–30% (Bosch et al., 2014; Christiansen et al., 2014), but this
may not affect the intensity of the highest runoff events that deliver
the highest P loads because winter precipitation will fall more as rain
and cause more runoff during the early winter months (Christiansen
et al., 2014). Gebert et al. (2015) examined changes in streamﬂow in
rivers throughout Wisconsin over the past 100 years. They found that
peak annual streamﬂows, which typically occur in early spring, have de-
creased in recent years.Winter temperatures have increased inWiscon-
sin since the 1950s (WICCI, 2011). Therefore, although the number of
moderate high-ﬂow events may increase in the future (Mallakpour
andVillarini, 2015;USEPA, 2013), peak annualﬂowswhich typically de-
liver the highest P loadsmay decrease in response warming air temper-
atures, consistent with that found in this study.Changes in P concentrations relative to changes in streamﬂow
The HydroSPARROW approach results in changes in P loading hav-
ing a larger range (wider envelope) than the changes in streamﬂow
only because of changes in the volumetrically weighted P concentra-
tions resulting from more in-stream losses with less (slower) ﬂow and
less in-stream losses during high (faster) ﬂow (Fig. 8). Both of the pre-
vious studies suggested that the increase in P loading should be equal
to (USEPA, 2013) or less than the increase in streamﬂow (Bosch et al.,
2014), suggesting that average-annual volumetrically weighted P con-
centrations should either remain the same or decrease with increasing
streamﬂow. Many studies have shown that P concentrations increase
with increasing streamﬂow (for example see Robertson and Roerish,
1999; Richards and Baker, 1993). LaBeau et al. (2015) also showed
that volumetrically weighted P concentrations increase with increasing
ﬂow for most streams in the GLB, unless they were dominated by point
sources. However, LaBeau et al. showed that this relation should only
slightly affect the overall annual volumetrically weighted P
concentration because most of the increased ﬂows occurred when P
concentrations were relatively low (during winter and early spring).
The increases in concentration with increasing ﬂow and decreases in
concentration with decreases ﬂow used in this study are consistent
with that found by LaBeau et al. (2015). Therefore, although the
HydroSPARROW approach does not directly simulate the effects of
short-term high-ﬂow events, the short-term changes in streamﬂow
are incorporated into the average-annual ﬂows and the changes in
average-annual volumetrically weighted P concentrations are consis-
tent with those of other studies.Relative importance of climate change and land-use change for P loading
Based on the overall average and the average for just the most likely
emission scenario, total P loading to LM should decrease by about 3% by
2046–2065. However, other factors are expected to affect P loading be-
sides climate change, especially changes in land use. Based on projected
land-use changes in the absence of climate change, projected urban ex-
pansion in the LMB is estimated to increase P loadings by 4.9%, and ad-
ditional agricultural expansion associated with predicted biofuel
feedstock cultivation is estimated to further increase P loadings by
4.8%, for a total increase by 9.8% (LaBeau et al., 2014). The USEPA
(2013) also projected that urban expansion by themiddle of this centu-
ry may increase P loading (P loadings from the Maumee River are
projected to increase 1–5% depending on the GCM). Based on the aver-
age results of this study, the increases in P loading associated with land
use change may be partly compensated for by decreases in P loading
(3.1%) associatedwith decreases in streamﬂow resulting from the slight
increases in precipitation being more than compensated for by in-
creased evapotranspiration caused by increases in air temperatures.
However, results of several of the climate-change scenarios suggest
that P loading may increase in the future, which would further increase
the loading anticipated from land-use change.
The land-use changes in the previous studies (LaBeau et al., 2015)
were projected in the absence of climate change. In reality, there may
be secondary effects of climate change, people will adapt to climate
change resulting in additional shifts in land use, andwith a longer grow-
ing seasonmore fertilizers may be applied. In addition, warmer air tem-
peratures may increase decomposition rates, which may affect the
amount of nutrients transported downstream. Projecting these future
land-use changes in response to climate change and incorporating
these secondary affects into models like PRMS and HydroSPARROW is
an area for future research.Conclusions
Based on the average of eight downscaled GCMs, each applied to
three greenhouse gas emission scenarios, P loading is not expected to
dramatically change in the future; however, results from several GCMs
project changes much different than the average. A few scenarios pro-
ject P loading to increase by more than 10% by the middle of this centu-
ry. Because of this variability in the projected changes in future climate,
in addition to examining the overall average changes, it is important to
develop and examine plausible envelopes in the potential changes, such
as done in this study. These envelopes describe the range in the possible
projections and provide information to build awareness of the potential
changes thatmay occur in the future. Thewide range in these envelopes
is primarily caused by the various GCMs projecting different changes in
precipitation and not caused by the different Greenhouse gas emission
scenarios. Therefore, unless the IPCC and others determine that speciﬁc
GCMs are more reliable than others, managers need to consider the full
range of possible streamﬂows and P loadings to the Great Lakes and
otherwater bodies to prepare for the future and determinewhat actions
are needed to maintain P loading below the loading targets that are
being set for the various systems. Only by maintaining P loadings
below these targets can the potential eutrophication problems, such as
that occurring in many nearshore areas, embayments, and even much
of Lake Erie, be mitigated.Acknowledgments
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